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Introduction
While the development and widespread use of effective vaccines has had an extraordinary impact on global health, there remain many infectious and other diseases for which vaccines are not available.  Our increasing understanding of the immune system and the nature of particular immune responses that are associated with protection from infection or disease are being put to use by vaccine developers who now produce increasingly sophisticated vaccine candidates for complex diseases.  Many of the newer vaccine candidates are based on protective antigens, which are inherently less immunogenic than the whole cell inactivated or live attenuated vaccines or multicomponent conjugate vaccines that were developed in the past.  Therefore, adjuvants have become an increasingly important ingredient in novel vaccines being developed today.  
In parallel with this evolution in vaccine design, recent events in the United States and internationally have highlighted the need to review strategies for stretching a limited supply of vaccine and immunizing a population quickly.  Situations that have precipitated this concern include inadequate vaccine supplies (e.g., the 2004-2005 influenza vaccine shortage), the need to vaccinate large numbers of individuals in response to a bioterrorism threat (e.g., the smallpox vaccination program for first-responders following events of 9/11), natural disasters (e.g., the tsunami of 2004) and planning for the next emergence of pandemic influenza.  The Vaccine Development and Supply Subcommittee of the National Vaccine Advisory Committee (NVAC) undertook a review of dose optimization strategies, including the use of adjuvants for vaccines, with presentations on various aspects of this topic by colleagues from the National Institutes of Allergy and Infectious Diseases (NIAID), Food and Drug Administration (FDA), Centers for Disease Control and Prevention (CDC) and vaccine manufacturers to inform the committee.  A summary of this review and a recommended research agenda is the subject of this report.  
History of Vaccine Adjuvants

The goal of vaccination is to generate a strong immune response to the administered antigen, one that is able to provide long-term protection against an infection.  In order to achieve this objective with vaccines based on insufficiently immunogenic antigens, it is usually necessary to add an adjuvant.  Adjuvant is a term derived from the Latin word adjuvare, which means to aid or to help 1 and it was first coined by Ramon in 1926, who observed that horses that developed abscesses at the site of an injection of diphtheria toxoid produced higher antitoxin titers than animals without abscesses 2.  
In 1926, Glenny demonstrated the adjuvant activity of aluminum compounds utilizing an alum-precipitated diphtheria toxoid 3.  In the mid-1930s, Freund developed a powerful immunologic adjuvant composed of a water-in-mineral oil emulsion containing killed mycobacteria, known as Freund’s complete adjuvant (FCA) 4.  Although FCA (usually referred to as the gold standard adjuvant), is one of the most potent adjuvants known, it is relatively toxic, frequently inducing keloid formation and abscesses at the site of inoculation, which precludes it from being used in human vaccines.  Freund’s incomplete adjuvant (FIA), which is the water-in-oil emulsion without added mycobacteria, is less toxic, and has been used in some human vaccine formulations 5.
Currently, the aluminum salt/gel-based (alum) adjuvants are the only ones contained in vaccines licensed for human use in the United States.  Even though a significant number of adjuvants are clearly more potent than alum, they have generally had a higher level of toxicity which has been the main reason they have not been used as adjuvants for human vaccine formulations.  A number of novel adjuvants have been under development and in preclinical evaluation for several decades and many of these are currently undergoing clinical investigation under U.S. Investigational New Drug (IND) applications. A few are now contained in vaccines that have been approved by countries outside the U.S.  Some extensive reviews on various aspects in the field of adjuvant development and results of clinical evaluation of novel adjuvants have been recently published 


5-14 ADDIN EN.CITE  and offer further details for the interested reader.  
Adjuvants have traditionally been defined as agents added to vaccine formulations that enhance the immunogenicity of antigens in vivo.  A proposed update of this definition 7 divides adjuvants into two classes: delivery systems and immunopotentiators, based on their dominant mechanism of action (see Table 1, modified from ref. 7 and used with permission). Many of the immunopotentiators are sensed by various members of the Toll-like receptor (TLR) family, a subclass of pathogen-recognition receptors 15.  Both delivery systems and immunopotentiators are able to augment the antigen-specific immune response in vivo. In addition, combinations of delivery systems and immunopotentiating substances are commonly being developed as multi-component adjuvants with the potential to act synergistically to enhance the antigen-specific immune response in vivo.
Interest in developing new vaccine adjuvants has grown for several reasons.  Many of the traditional childhood vaccines developed to induce antibodies against bacterial or viral surface molecules were adjuvanted with aluminum-containing compounds, and these vaccines stimulated primarily T helper type 2 (Th2)-type responses (IgG1, IgE and the production of certain cytokines) rather than Th1 responses 


5, 8, 16 ADDIN EN.CITE .  However, many new vaccine candidates for prevention of more challenging infectious diseases (e.g., malaria and tuberculosis), cancer, fertility and allergic or autoimmune diseases contain sophisticated antigen/adjuvant combinations (e.g., AS04 and AS01) intended to protect through the generation of cellular immunity, particularly Th1 responses, for optimal effectiveness 17.  Importantly, natural control of the three infectious diseases causing the most global mortality (HIV, malaria and tuberculosis), are either entirely or partially dependent on the generation of Th1- type immunity 18, which a protective vaccine may stimulate, among other possible strategies.  Continued research on the mechanisms by which adjuvants influence the T-cell response will be key for the efficient development of effective new vaccines.

Table 1:  Examples of Mechanistic Classes of Adjuvants 
	Antigen delivery systems
	Immunopotentiators

	Insoluble aluminum compounds
	 MPL and synthetic derivates

	Calcium phosphate
	 MDP and derivatives

	Liposomes
	 Oligonucleotides (CpG, etc.)

	Virosomes™ 
	 Double-stranded RNA (dsRNA)

	ISCOMS®
	 Alternative pathogen-associated   

 molecular patterns (PAMPs) (E. coli heat 
 labile enterotoxin (LT); flagellin)

	Microparticles (e.g., PLG)
	 Saponins (Quils, QS-21)

	Emulsions (e.g., MF59, Montanides)
	 Small-molecule immune potentiators
  ( SMIPs) (e.g., resiquimod [R848])

	Virus-like particles & viral vectors
	 Cytokines & chemokines


While the traditional role of an adjuvant is to improve the immunogenicity of antigens, they also can be used for other specific purposes (Table 2, modified from ref. 7 and used with permission).  Early in the development of new vaccines, knowing which problem needs solving will direct what type of adjuvant is needed for an effective vaccine formulation.
Table 2: Role for Adjuvants in Vaccine Development.  
	1.
	Increase the total antibody titer or functional titers;

	2.
	Decrease the dose of antigen needed;

	3.
	Decrease the total number of doses of vaccine necessary for complete immunization;

	4.
	Overcome competition in combination vaccines;

	5.
	Enhance immune responses in the young or older populations;

	6.
	Increase the speed and duration of the vaccine-specific protective response;

	7.
	Induce potent cell-mediated immunity;

	8.
	Induce mucosal immunity;

	9.
	Induce broader immune response (e.g., cross-protection)


Brief Review of Clinically Tested Adjuvants
The historical emphasis on boosting humoral immune responses understandably has led to the development of adjuvants with the ability to enhance antibody responses.  As a consequence, many commonly used adjuvants are effective at elevating serum antibody titers, but do not elicit significant Th1 responses or cytotoxic T lymphocytes (CTLs) 9.  However, certain adjuvants have more recently been demonstrated to signal specific Toll-like receptors (TLRs), some of which induce cellular immunity, and as indicated above, “adjuvant systems” have been developed, which consist of classical adjuvants mixed with immunomodulators, and some of these, e.g., AS04 and AS01, favor the induction of Th1 responses 17.  Table 3 provides a description of vaccine adjuvants (antigen delivery systems, immunopotentiators and combinations) that have undergone clinical testing 9.
The need to develop a pandemic influenza vaccine has heightened interest in adjuvants, particularly as the first nonadjuvanted H5N1 vaccine tested was poorly immunogenic, requiring two doses of 90 µg of antigen to produce neutralizing titers of at least 1:40 in 43% of recipients 19.  This is approximately 12 times as much as the single dose of 15 µg of each antigen needed in flu vaccines for seasonal endemic strains.  Nicholson et al studied an H5N3 vaccine with or without MF59, a squalene-in-oil emulsion adjuvant, in 65 18-40 year-old adults, and determined that the nonadjuvanted vaccine was poorly immunogenic, but that the geometric mean titer (GMT) and seroconversion rates were significantly higher in the MF59-adjuvanted group 


20 ADDIN EN.CITE .  In a follow-up report to this study, Stephenson described the development of broadly cross-reactive neutralizing antibodies, with seroconversion rates to A/HongKong/156/97 of 100%, to A/HongKong/213/03 of 100%, to A/Thailand/16/04 of 71%, and to A/Vietnam/1203/04 of 43% in 14 subjects who received the MF59-adjuvanted vaccine, compared with 27%, 27%, 0%, and 0% in 11 subjects who received nonadjuvanted vaccine 


21 ADDIN EN.CITE .  Higher hemagglutination inhibition (HAI) and microneutralization GMTs also were reported by Atmar and colleagues in a study of inactivated influenza A/H9N2 vaccine combined with MF59 adjuvant, compared with the nonadjuvanted formulation 22.  
Other adjuvants are being tested with influenza antigens both clinically and in animal studies.  A recently published study of inactivated influenza vaccine given to 30 healthy young adults with or without QS21 found no advantage of the adjuvant while local injection site pain and myalgias were more frequent and severe in the QS21 group 23.  GlaxoSmithKline (Rixensart, Belgium) reported that elderly subjects immunized with Fluarix™ combined with their adjuvant emulsion containing MPL, achieved significantly higher CD4 T-cell responses than controls receiving Fluarix™ alone.  Dynavax (Berkeley, CA) reported animal data from mice and primate models, indicating that the conserved nucleoprotein from influenza conjugated to immunostimulatory DNA, a TLR-9 agonist, can generate strong Th1 and CTL responses that are protective against shift and drift challenges 24.
In a different approach, IOMAI Corporation (Gaithersburg, MD) has developed a new adjuvant administration strategy that delivers the heat-labile toxin (LT) of E. coli  transcutaneously via an immunostimulant patch.  An open-label study published by Frech and colleagues 25 describes the immunization of adult subjects in two age cohorts (18-59 and >60 years) who received approved seasonal influenza vaccine intramuscularly (IM). They compared HAI responses to a third group of >60 year-old subjects who received both flu vaccine IM and 45 µg of LT on a patch placed 5 cm distal to the vaccine injection site after mild abrasion of the skin.  Comparing the elderly groups at three weeks post-immunization, the addition of the LT patch significantly increased the fold-rise against A/Panama and the seroconversion rate for A/New Caledonia although the seroprotection rates were not significantly increased 25.  The company is developing this patch for both elderly persons receiving seasonal influenza vaccines and for use with pandemic influenza vaccines, based on evidence of dose-sparing in preclinical studies.
In addition to studies with influenza vaccines, new data on other adjuvanted vaccines were presented at the 2007 meeting of the Infectious Diseases Society of America (IDSA).  Phase III data on a vaccine composed of HBsAg combined with 1018 Immunostimulatory Sequence (ISS) indicate that three injections of the adjuvanted vaccine provided 100% seroprotection at week 28 vs. 73.1% in the licensed HBV vaccine recipients, with titers that remained significantly higher at 50 weeks after immunization (GMC 401 vs. 29 mIU/mL, respectively) 26.  Mouse data from an HSV-2 genital infection model were presented by Bernstein and colleagues, indicating that combining JuvImmune (a complex of lipid carrier and non-coding DNA) with inactivated HSV-2 virus resulted in higher antibody titers, better protection from lethal challenge and lower virus titers than antigen combined with MPL, while the HSV-2 gD2 antigen combined with JuvImmune resulted in greater Th1 antibody than gD2 combined with MPL+Alum.  Both adjuvants administered with gD2 provided good protection from lethal challenge compared with gD2 alone 27.
Regulatory and Business Issues for Adjuvants
The action of the antigen/adjuvant formulation is the result of multiple factors; thus, the immune response obtained with a given antigen/adjuvant combination is vaccine specific, and no data are available currently that would allow an extrapolation to another antigen or even to the same formulation given by a different route.  Therefore, the specific individual antigen/adjuvant vaccine formulation is what is licensed currently in the U.S. This makes it difficult to prepare regulatory guidelines that would apply to all situations 28.  However, the Committee for Medicinal Products for Human Use (CHMP) of the European Medicines Evaluation Agency (EMEA) has published a guideline titled, “Guideline on Adjuvants in Vaccines for Human Use” 29, and the Center for Biologics Evaluation and Research (CBER) of the US FDA is also developing a regulatory approach to vaccine adjuvants and adjuvanted preventive vaccines for infectious disease indications.  CBER/FDA has observed a substantial increase in the number of Pre-IND meeting requests and IND submissions for investigational biologics formulated with novel adjuvants over the past few years. Scientific research on the development of new technologies to assess the safety and effectiveness of products containing novel adjuvants is one focus of CBER’s Office of Vaccines Research and Review and of the FDA Critical Path Initiative.   
Because vaccines are administered to healthy individuals including infants and children and there are potential safety concerns with novel adjuvants, extensive preclinical safety studies of adjuvants and adjuvanted vaccines, including local reactogenicity and systemic toxicity testing are required.  Successful nonclinical evaluation of vaccines, as described in The World Health Organization Guideline  30 is an important step before proceeding with clinical development.  An Investigational New Drug Application (IND) must include Chemistry, Manufacturing, and Control information and pharmacology/toxicology information (full study reports) on the quality control and toxicology testing of the novel adjuvant and antigen/adjuvant formulation intended for clinical use, as well as information on the clinical development plan and any previous human experience with the adjuvant or adjuvanted vaccine candidate or any related products.  At an early stage of development, the added value of the adjuvant in the adjuvanted vaccine formulation should be demonstrated with a head-to-head comparison of adjuvanted and unadjuvanted forms of the vaccine. This demonstration of added value may include added clinical benefit when adding an adjuvant to an already licensed unadjuvanted vaccine. For confirmatory postmarketing studies, meaningful differences in clinical endpoints should be specified and justified.
Until recently, the only adjuvants contained in licensed human vaccines were aluminum or calcium-containing adjuvants.  However, a few vaccines with novel adjuvants have now been approved outside the U.S.  MF59, an oil-in-water microemulsion adjuvant is part of a subunit influenza vaccine, Fluad®, which was licensed in Europe by Novartis Vaccines and Diagnostics (Cambridge, MA) 31.  To date, more than 27 million doses of Fluad® have been distributed since 1997 32.  AS04, an adjuvant that contains alum and MPL, is part of a vaccine authorized in Europe in 2005 by GlaxoSmithKline as Fendrix®, an adjuvanted vaccine to prevent infection with hepatitis B for specific high-risk patients 33.  This adjuvant is also contained in their HPV vaccine [licensed in Europe and Australia as Cervarix™ and submitted as a Biological License Application (BLA) to FDA] and avian influenza vaccines not yet licensed.  However, like for Fluad®, postmarketing data on these products are limited.
The pressures of a looming pandemic also have resulted in streamlined licensure pathways for adjuvanted avian flu vaccines.  In 2006, Novartis Vaccines announced that the European Medicines Agency had accepted for review the company’s application for an MF59-adjuvanted pre-pandemic H5N1 influenza vaccine that was approved in May 2007 34.  GlaxoSmithKline has announced that its H5N1 split antigen pre-pandemic influenza vaccine has been accepted for review by the Committee for Medicinal Products for Human Use in Europe.  A recent clinical trial in Belgium of the GlaxoSmithKline H5N1 vaccine indicated that two low doses of antigen (3.8 µg) combined with their novel adjuvant and given 21 days apart, allowed more than 80% of volunteers to produce a high seroprotective response that exceeded the target criteria set by regulatory authorities for registration of influenza vaccines in Europe 35.  Presumably, discussions between manufacturers and U.S. regulatory authorities for licensure in this country are ongoing.  Guidance on clinical data needed to support the licensure of seasonal inactivated influenza vaccines and pandemic influenza vaccines are available, which recommend clinical development approaches to facilitate and expedite the licensure of these vaccines.  In addition, approaches to demonstrating the added value of a vaccine adjuvant for flu vaccines are described briefly in two FDA guidance documents 36, 37. 
As part of pandemic planning in this country, the Department of Health and Human Services announced in January 2007 that they had awarded contracts totaling $132.5 million to three vaccine manufacturers (Novartis Vaccines and Diagnostics, GlaxoSmithKline and IOMAI) for the advanced development of H5N1 influenza vaccines using an adjuvant. The contracts support advanced development work through Phase 3 clinical trials in the U.S. that are aimed at obtaining U.S. licensure for the product and the establishment of U.S.-based manufacturing capabilities.
Under the contracts, each company will build up its capacity to produce, within six months after the onset of an influenza pandemic, either 150 million doses of an adjuvant-based pandemic influenza vaccine or enough adjuvant for 150 million doses of a pandemic influenza vaccine.  In addition to supporting the development of each company’s antigen-sparing vaccine candidate, the contracts also require each company to provide its proprietary adjuvant for U.S. Government-sponsored, independent evaluation with influenza vaccines from other manufacturers 38.  This is the first indication that proprietary adjuvants may be quickly made available for mix-and-match use in combination with pandemic antigens produced by other manufacturers.  However, given that each specific antigen/adjuvant formulation is what is licensed currently, the regulatory issues for approval of such combinations in the U.S. are still to be worked out.
Intradermal Vaccination to Decrease Vaccine Antigen Dose
Sporadic episodes of vaccine shortages in the U.S. 39 and elsewhere have prompted a renewed interest in pursuing “dose-sparing” strategies other than adjuvantation for vaccines in limited supply or otherwise unaffordable 40.   There is an extensive literature of vaccination by intradermal (ID) injection (Mantoux method or needle-free jet injector) of reduced antigen mass compared to full doses by subcutaneous (SC) or intramuscular (IM) routes of administration 41. Excellent results for rabies vaccine by the ID route are applied widely in developing countries which cannot afford full doses of modern tissue-culture vaccines.  For influenza, reports since the 1930s generally support comparable immunogenicity by ID method.  Inactivated polio vaccine (IPV) administered by this route has shown promising results and may facilitate eradication once oral polio vaccine (OPV) is abandoned for epidemiological reasons 42.  On the other hand, mixed to poor results have been found among reports of administering hepatitis B and measles vaccines by the ID route.  To date, there has been only one report of ID vaccination with any polysaccharide vaccine, traditional or conjugated, in this case with good results for meningococcal A antigen 43.  Reduced doses administered by the conventional IM or SC routes, however, were found immunogenic for conjugated Haemophilus influenzae type B (HIB) vaccine, studied for cost-saving potential in developing countries 


44, 45 ADDIN EN.CITE . 
Recent studies of ID administration of trivalent, inactivated influenza vaccine by Belshe 


46 ADDIN EN.CITE  and Kenney 47 reached the same conclusions although again, the vaccine doses were not directly comparable between the two routes of administration tested (6 µg/antigen ID vs. 15 µg/antigen IM).  Notably, Belshe’s results did indicate that in individuals older than 60, the H3N2 antibody responses following ID administration were less than those seen in the IM group (no differences were seen in the younger cohort or for the other two antigens in the older group).  Both studies also documented more frequent but transient mild local reactions following ID administration.
Auewarakul and colleagues published results of a seasonal flu vaccine study comparing ID vs. IM vaccine administration, reporting significantly lower levels of antibody response after ID as compared to full-dose IM injection.  The antibody responses elicited by the ID administration route were still sufficiently high to meet the requirement guidelines of the European Committee for Proprietary Medicinal Products for annual relicensure of influenza vaccines 48.
Intradermal administration has also been investigated with avian influenza vaccine candidates.  An H5N1 vaccine study reported by Patel at IDSA 2006 indicated that ≤25% of the participants in the study groups given the vaccine ID or IM at 15 µg of antigen had an antibody titer ≥1:40 after a third dose, while 62% of the volunteers in the group that received 45 µg of antigen IM achieved this level 49.  Adjuvanted avian flu vaccine candidates have not yet been tested using the ID route so questions remain about possible local reactions as well as immune responses that result following immunization.  
Techniques for Administering Intradermal Vaccine
By far the most commonly used method for administering intradermal vaccine has been by needle using either the Mantoux method (requires training, skill and poses a needle safety risk) or with a bifurcated needle (developed for use in smallpox vaccine campaigns, requires high titer formulation).  Multi-use nozzle jet injectors were developed in the 1950s and used extensively in the military for both ID and IM delivery and for the swine flu mass vaccination campaigns in 1976-77.  Following reports of cross-contamination resulting in an outbreak of HBV 50, these injectors were withdrawn from use in 1997.
Since that time, disposable cartridge jet injectors with intradermal capability have been developed, in some cases with CDC support via SBIR contracts.  With a new sterile cartridge for each patient and correct use, these devices avoid the cross-contamination safety concerns for multi-use–nozzle devices 51.  Remaining R&D challenges before wider adoption of these devices include the development of clean, convenient, and economical methods for end users to fill jet injector cartridges from conventional single- and multi-dose vials, the compatibility of cartridges with manufacturer production lines for desired eventual pre-filling of vaccine, and the requirement for cartridge auto-disabling to prevent unsterile re-use in developing countries 

Other new devices to simplify the Mantoux method for intradermal delivery are microneedle syringes.  The BD Soluvia™ Micro Injection System features a single, 30-gauge, short bevel microneedle that protrudes only 1.5 mm from its depth-limiting hub 52.  The system offers the convenience, efficiency and safety of a pre-filled, ready–to-use presentation.  However its availability for end-user filling remains uncertain, which is a consideration in developing countries where prefills burden limited refrigeration capacity and are costly.  End-user filling is possible with the NanoPass MicronJet™ system, which uses an array of microneedles that can be mounted to a standard syringe to achieve intradermal delivery.  Published immunogenicity data for such microneedle systems is limited to one report which used the BD device 


46 ADDIN EN.CITE  

As mentioned earlier, IOMAI is developing an alternative strategy based on transcutaneous immunization using an immunostimulant patch that has the potential advantages of being needle-free, easily applied and easily distributed in the event of an emergency.  Investigators have tested the LT patch for efficacy against traveler’s diarrhea with results, reported in 2007, showing 75-84% effectiveness against moderate to severe illness, and reduction in duration and frequency of diarrheal episodes compared to placebo 53.  Successful development of all of these strategies will require close cooperation between the device/patch and vaccine manufacturers as well as regulatory agencies to optimize the formulations of vaccines that can be approved for administration with a specific device.
Currently Funded Research Projects on Adjuvants and Dose Optimization
A variety of specific activities and projects on this topic have been funded or conducted by Federal agencies such as the National Institutes of Health (NIH), the Centers for Disease Control and Prevention (CDC) and the Food and Drug Administration (FDA).

The National Institute of Allergy and Infectious Diseases (NIAID), a component of the NIH, supports basic research and early product development of novel adjuvants, including both immunopotentiators and delivery systems.  The rational design of an adjuvant should be founded upon a clear understanding of its mode of action on innate immune system signaling, thus allowing for the enhancement of beneficial aspects and reduction of toxic side effects. NIH supports a contract for innate immune system target identification entitled “Systems Biology/Forward Genetics Approach to Immune Responses and Inflammation”.  With the goal of new adjuvant discovery, multiple contracts for “Innate Immune Receptors and Adjuvant Discovery” have been awarded, cooperative agreements are in place for “Pulmonary Innate Immune Activation for Biodefense and Cooperative Research for Development of Vaccines, Adjuvants, Immunotherapeutics”, and “Diagnostics for Biodefense”. With the goal of novel adjuvant development, multiple proposals are under review in response to “Adjuvant Development Program” contract.  For the clinical evaluation of new adjuvants, NIH supports the Vaccine and Treatment Evaluation Units through contracts designed to assure availability of experienced sites and investigators who can rapidly evaluate new vaccines, including those with novel adjuvants.
As a result of programs like these, in 2003, an NIAID research initiative stimulated efforts to use high-throughput library screens to identify potential adjuvant candidates that stimulate innate immune responses through pattern recognition receptors such as Toll-like Receptors (TLRs).  Several lead candidates have undergone structural and formulaic optimization and have exhibited in vivo effectiveness as vaccine adjuvants in animal models.  These compounds are based on analogs of microbial components, including lipopolysaccharide, CpG, and bacterial proteins such as flagellin, and represent the next generation of adjuvants. Today, this research initiative is advancing beyond the discovery phase towards the development of the best candidate compounds.  NIAID biodefense and emerging infectious disease research programs such as these have encouraged both public and private sectors to participate in vaccine and adjuvant research in high-priority areas.  Further, the knowledge gained from this research is likely to benefit the research community more broadly by identifying possible mechanisms that may elicit optimal immune responses to help combat a wide variety of complex diseases.    

At the CDC, earlier work on dose-reduction strategies for Haemophilus influenzae type b (HIB) vaccine with collaborators in Chile 44 and the Dominican Republic 45 has been followed up with an ongoing dose-sparing trial of influenza vaccine delivered intradermally by needle-free jet injector ($209k of CDC funds obligated to date) 54.  A clinical study in collaboration with the Department of Defense assessed the immune response to half-doses of inactivated influenza vaccine among military personnel, and another with the University of Washington found that two doses were still needed for children less than 9 years of age 


55 ADDIN EN.CITE .   

Preclinical influenza work at CDC with a novel cutaneous patch technology from Altea Therapeutics (Atlanta, GA) demonstrated immunogenicity in mice using 3 µg of baculovirus-expressed H5 rHA protein, with CpG oligodeoxynucleotide or resiquimod adjuvants 56. Other ongoing CDC partnerships with industry are assessing the immunogenicity and effectiveness of adenoviral-vector-based influenza vaccines in animal models as a potential means to enhance response to avian and seasonal antigens 


57-59 ADDIN EN.CITE . Novel adjuvants for influenza are also under study with industry and academic partners.  Two current Small Business Innovation Research (SBIR) phase II contracts totaling $2.7m from CDC continue support of research and development of the LectraJet® (from DCI, East Syracuse, NY) and Vitavax™ (from Bioject, Qualatine, OR) jet injectors with intradermal, dose-sparing capabilities 60.  
Other work with dose-sparing potential involves the respiratory route of vaccination, on which CDC is working with various partners, such as AerovectRx (Atlanta, GA), the CFD Research Corporation (Huntsville, AL), Creare (Hanover, NH), Johns Hopkins University, Lovelace Respiratory Research Institute (Albuquerque, NM), MedImmune (Gaithersburg, MD), and the University of Georgia.  A phase II SBIR contract for $495k is studying reduced doses of live attenuated influenza vaccine (FluMist®) when delivered by intranasal fine-particle aerosol, compared to the marketed large-droplet formulation delivered by Accuspray™ device (from Becton Dickinson, Franklin Lakes, NJ).  CDC also consults and collaborates with Aktiv-Dry on its Gates Foundation-funded $19.5m “Grand Challenges in Global Health” grant for “Needle-Free Delivery of Stable, Respirable Powder Vaccine” that has potential dose-sparing implications for measles vaccines.  CDC itself funds a $100k FY2007 SBIR phase I contract with Aktiv-Dry for dry powder formulation of small interfering ribose nucleic acid (siRNA) as antigen for a novel respiratory syncytial virus (RSV) vaccine.  

Planning is underway in 2008 at CDC to study the immune response in animal models to measles and polio vaccines delivered into the skin via dissolving microneedles fabricated by the Georgia Institute of Technology, which would use reduced quantities of antigen compared to the conventional parenteral route 61. CDC also consults with various partners such as WHO and the Program for Appropriate Technology in Health (PATH) in promoting research and development of needle-free, intradermal, dose-sparing vaccination technologies for use in the developing world and mass campaigns; and in disseminating knowledge in this field to the scientific community 41. 

At FDA, OVRR has initiated a program to develop Human Detector Cell Lines for the detection of proinflammatory cytokines predictive of in vivo toxicities.  This project was supported by the National Vaccine Program Office (NVPO) and OPHEMS funds in 2006-2007 and a proposal for continued funding of this promising research was submitted to the NVPO for 2008.  FDA Critical Path Initiative funding for these and other adjuvant-relevant research projects is pending.
NVAC Suggested Research Agenda to Further Develop Dose Optimization Options
· Increase funding at NIH for basic research on adjuvants to better understand the immunology of how adjuvants function with different types of antigens
· Assure that FDA guidance on approaches to licensure path for novel adjuvant systems from regulatory agencies receives high priority in the Critical Path Initiative, with funding support as necessary, for expeditious publication.
· Support long-term safety studies for vaccines containing new adjuvants

1. Designs for safety evaluation of repeated and concurrent exposure to adjuvanted vaccines and longer-term safety data are needed

2. Search for early biomarkers of adjuvant activity/toxicity to aid in clinical study evaluation and post-marketing surveillance studies
· Assure funding availability for translational medicine studies with adjuvants in the following areas:
1. Identify benchmarking candidate adjuvants

2. Create novel clinical trial designs to more efficiently answer questions of safety, immunogenicity, and effectiveness.  Studies on duration of immunogenicity and cross-protection, including clinical effectiveness studies to confirm these properties, are also needed.
3. Reassess whether adjuvanted vaccines would allow for a compressed vaccination dose schedule
4. Continue to identify correlates of protection for vaccine targets to aid in optimal design and testing of adjuvanted vaccine candidates
· Support dose optimization studies for antigens in short supply including alternative immunization routes and addition of adjuvants by other than IM route
Fund studies of mass delivery devices and logistical preparedness for mass vaccination campaigns as part of pandemic planning efforts

· Table 3:  Vaccine adjuvants that have been evaluated in humans* 
	Adjuvant/

formulations
	Benefits
	Comments
	Safety/Immunogenicity

	Mineral salts

Aluminum salts (hydroxide, phosphate)

[Alum]
	· The adjuvant in >80% of vaccines licensed for human use.
· Induction of strong antibody responses, independent of TLR signaling.
· Directly activate DCs to secrete IL-1β and IL-18

	· Alum has been used for years in vaccines for billions of people of all ages.
· Poor CD8 T-cell induction
	· May cause mild local reactions at the site of injections, occasional granulomas.


	Calcium phosphate
	· Has been used as an adjuvant in vaccine formulations against diphtheria, tetanus, pertussis and poliomyelitis;

· More efficient than aluminum hydroxide when tested as a booster with DT as an antigen;

· Has also been used for absorption of extracts for hyposensitization of allergic patients.


	· Potential alternative to aluminum salts.


	· Calcium phosphate adjuvant contains no components that are not natural constituents of the body, and vaccines containing it are well tolerated.

	Emulsions

MF59

(Microfluidized detergent stabilized squalene oil-in-water emulsion)


	· Increased flu vaccine immunogenicity in young adults and in elderly as evaluated with HAI titers; broadens response against heterovariant strains.
· Improved immunogenicity over Alum when tested with HBV vaccine, HSV, HIV1 gp120, and CMV gB.
· IM injection in combination with a variety of subunit antigens results in elevated antibody response, increased T-cell proliferation and induction of cytotoxic lymphocytes.


	· Induces chemokines to increase recruitment of immune cells, enhances ag uptake by monocytes and differentiation to DCs.

· MF59 is a component of Fluad®, a licensed subunit influenza vaccine in Europe with >30 million doses distributed.
· Combination of MF59 with MTP-PE enhanced systemic reactogenicity, without improving immunogenicity in Ph1 flu vaccine study.
	· Mild local reactions;

· Minor reactogenicity upon intramuscular injections of humans in combination with various antigens.

	Incomplete Freund’s adjuvant (IFA,
stabilized water/Drakeol oil)

	· Increased anti-p24 titers and DTH responses when used with gp120-depleted inactivated HIV1.  
· In seropositive subjects, increased lymphoproliferation and – chemokine production following p24 stimulation.

· Induction of T-cell responses against gp100 HLA A2 restricted epitopes in melanoma patients.


	
	· May cause granulomas and abscesses at the site of injection.


	Adjuvant/

formulations
	Benefits
	Comments
	Safety/Immunogenicity

	Montanide ISA-51 (Stabilized water-in-oil emulsion) and ISA-720 (stabilized water/squalene)
	· Induction of anti-Tat antibodies in 100% of vaccines;
· Strong T cell lymphoproliferative response;
· DTH and lymphoproliferative response to Tat was observed in 50% of vaccines.

	· ISA-51 has been used in vaccines for >1000 people and has slow release properties like IFA;

· ISA-720 has been used in vaccines for approximately 1,000 people, >250 in malaria including some children;

· When used with a malaria subunit antigen (MSP1, MSP2, Resa AMA1), antibody responses equivalent to Alum were obtained in humans.
	· ISA-720 t - Minor local effects such as local tenderness, swelling and discomfort).

	Microbial (natural and synthetic) derivatives

Monophosphoryl lipid A (MPL)

	· When combined with polysaccharide-conjugate vaccine, enhanced Th1 responses to the carrier protein, but no impact on antibody responses in humans, despite superior antibody responses observed in animals.
· Reduced toxicity vs. LPS
	· Detoxified derivative of LPS from Salmonella minnesota
· TLR-4 agonist

· Component of a  melanoma vaccine approved in Canada;

· MPL has been used in vaccines for >20,000 people.
	· Possible effects on autoimmune and neuroinflammatory disorders being evaluated.

· Strong activator of  pro-inflammatory cytokines                

	Detox (MPL + CWS)


	· Induction of cellular and humoral responses against melanoma associated antigens.

· Increase in survival in patients with metastatic melanoma.
	· Detox has been approved for use in Canada as a component of Melacine – a melanoma vaccine

· Has been used in vaccines for >5,000 people.
	

	OM-174 (Lipid A derivative, E. coli), OM-triacyl
	· OM-triacyl adjuvants are synthetic analogs based ona common triacyl motif, which induce maturation of human dendritic cells in vitro.
	
	·  IM route studied in cancer patients.

	Modified LT, CT (Genetically modified bacterial toxins [heat-labile enterotoxin, cholera toxin] to provide non-toxic adjuvant effect)


	· Enhancement of seric and mucosal IgA production; LT activates Langerhans’ cells, causing migration from skin to draining LNs
· Ongoing evaluation of CT and LT as adjuvants in patch-based transcutaneous immunization; LT induces more balanced Th1/Th2 response than CT

	· Potential for oral and intranasal adjuvant use.
· LT has been used in human clinical trials, with modest adjuvant effect by oral route and promising results as an antigen in a traveller’s vaccine given as a patch.
	· Prototypic mucosal adjuvants, efficient in numerous animal models, but toxic in humans;

· A flu vaccine formulation with LT was withdrawn in Switzerland because of potential safety issues (Bell’s palsy).
· Local rashes with patch


	Adjuvant/

formulations
	Benefits
	Comments
	Safety/Immunogenicity

	CpG ODN (synthetic oligonucleotides containing immunostimulatory CpG motifs)

	· Phase 1 trials conducted in humans (in association with Alum) have shown enhanced antibody responses against HBsAg.

· At least 3 classes of oligonucleotides are now defined, with respect to their distinct capacity to activate either: human B, NK or dendritic cells in vitro.
	· Act as potent Th1 adjuvants in mice, chimpanzees and orangutans.

· Act as TLR-9 agonists, bias response to Th1 immunity with CD8 T cell induction
· Responses greater with conjugation than with mixture of CPG and ag
	· Mild increase in frequency but not severity of AEs with marked improvements in immunogenicity in HBV trials.


	Combination Adjuvants

AS04 
(Alum + MPL)
	· When compared with Alum, increased antibody titers, seroconversion rates and lymphoproliferative responses.


	· Administered to >30,000 subjects 
· Tested in combination with proteins (HBsAg, HSV gD, EBV gp350) and HPV16/18 L1 VLP
· Component of Fendrix™ and Cervarix™, approved HBV and HPV vaccines in Europe.
	· Mild-moderate local pain redness and swelling at injection site with HSV-2
· Occ. malaise with pneumo conj. vaccine



	AS02 

(Oil-in-water emulsion + MPL + QS-21)

	· With a candidate malaria vaccine, induced high anti-plasmodium CSP lymphoproliferative and antibody responses but no induction of CD8 T cells, leading to short-lived protection (<6 months) against challenge.
	· AS02 (SBAS2) has been used in vaccine candidates in >1,000 people.
· Used with malaria, TB, HBV, HIV and MAGE-A3 antigens.
	· Significant local (swelling and pain) and systemic reactogenicity in malaria CSP and MSP-1 antigen trials, but not with RTS,S antigen in Ph1.
· Local and systemic reactogenicity more common in children than adults. 

	AS01

(Liposomes + MPL + QS21)
	· Designed to improve CD8 T-cell responses
· Data with malaria antigens indicate higher antibody and T-cell response with AS01 than with AS02
	· AS01 favors Th-1 responses, AS02 elicits more balanced Th-1/Th-2 responses.
· Used with malaria and TB antigens.
	· Limited human safety data.

	Immuno-adjuvants

Cytokines: (IL-2, IL-12, GM-CSF, Flt3)
	· Enhancement of antibody responses with GM-CSF.
	· Administration of Flt3 with HBV antigen resulted in the accumulation of immature DCs in peripheral blood, without enhancement of antibody response.
	· Utilization of cytokines as immunoadjuvants in cancer patients as recombinant proteins, with limitations including short biological half-life and some severe toxicity.

	Accessory molecules (B7.1)


	· The accessory molecule B7.1 provides costimulatory signals to T lymphocytes, has been included in association with the CEA antigen within the canarypox vector ALVAC, thereby potentially enhancing cellular responses.
	
	


	Adjuvant/

formulations
	Benefits
	Comments
	Safety/Immunogenicity

	Particulate formulations
Liposomes (DNPC/Chol)
	· Lipd-bilayer membranes enclosing aqueous compartments.

· Slight increase in CD8 + CTL response when combined with a flu vaccine.
· Can be freeze-dried


	· Fuse with cell membrane to deliver proteins to MHC class I pathway 
· No increase in antibody titers (equivalent to vaccine alone).
· Limited by manufacturing and cost issues.
	

	DC Chol (Lipoidal immunomodulators able to self-organize into liposomes)
	· Some enhancement of cellular immune response in humans when tested with H. pylori urease (i.e. lymphoproliferation and balanced Th1/Th2 responses as evaluated by IFN-g/IL-5 production)
	· Parenteral and intranasal potential;

· Enhanced antibody responses in animal models.
	

	Virosomes™

(Unilamellar liposomal vehicles, immunostimulating reconstituted influenza virosomes [IRIV])

	· Rapid seroconversion leading to protective anti-HAV or anti-influenza virus antibody responses.
· No block in immune response from pre-existing influenza immunity

· IN route for influenza is immunogenic with good protection.
	· Component of licensed flu and Hep A vaccines in Europe.
· >34 million doses of Inflexal V flu vaccine distributed in Europe since 1997.

	· Nasalflu®, with HLT from E. coli, withdrawn because associated with Bell’s palsy

	ISCOMS® (structured complex of saponins and lipids)
	· Increase of influenza-specific CD8 + CTL response (when compared with flu vaccine alone).
· Allows reduction in QS-21 dose.

· Adjuvant activity from induction of cytokines (IFN-g and IL-12)
	· ISCOMS has been used in vaccines for >1,000 people; with flu, HPV, HCV and cancer antigens
· Second generation (ISCOMATRIX) adjuvants based on purified saponins are currently being tested with HPV16 (E6/E7) fusion protein.
	· Some level of mild/mod local and systemic AEs over vaccine without adjuvant.

	PLA (polylactic acid)
PLG (poly[lactide-co-glycolide]) microparticles
	· PLGA particles were shown to elicit Th1 (presentation of CTL epitopes) and Th2 responses in mice.

	· Microparticles function mainly as delivery system.

· Clade B Gag DNA/PLG and Env DNA/PLG Microparticles Vaccine is in an ongoing Ph1 trial in HIV-negative adults.
· Ongoing trial with the tetanus toxoid

· Difficult to prepare GMP-grade PLGA particles
	

	Proteosomes™
	· Developed for mucosal vaccination, no concerns about transmission of vaccine from person to person 

· Lacks known neurotropic components, does not bind to GM1 ganglioside
	· Hydrophobic, proteinaceous, nanoparticles comprised of purified N. meningitidis outer membrane proteins

· TLR-2 agonist
	· Proteosome-S. flexneri 2a LPS vaccine given IN was safe, and well tolerated
· Nasal congestion and HA with IN flu vaccine


*Includes only those formulations whose data are available in the public literature
References
1.
Vogel FR, Hem SL. Immunologic Adjuvants. In: Plotkin SA, Orenstein WA, eds. Vaccines. 4th ed. Philadelphia, PA: Saunders; 2004:69-79.

2.
Ramon G. Sur l'aumentation anormale de l'antitoxine chez les chevaux producteurs de serum antidiphterique. Bull Soc Centr Med Vet 1925;101:227-34.

3.
Glenny A, Pope C, Waddington H, Wallace V. The antigenic value of toxoid precipitated by potassium-alum. J Path Bacteriol 1926;29:38-45.

4.
Freund J, Casals J, Hosmer E. Sensitization and antibody formation after injectin of tubercle bacilli and parafin oil. Proc Soc Exp Biol Med 1937;37:509-13.

5.
Petrovsky N, Aguilar JC. Vaccine adjuvants: current state and future trends. Immunol Cell Biol 2004;82(5):488-96.

6.
Pink JR, Kieny M-P. 4th meeting on novel adjuvants currently in/close to human clinical testing: World Health Organization--Organisation Mondiale de la Sante Fondation Merieux, Annecy, France, 23-25 June 2003. Vaccine 2004;22(17-18):2097-102.

7.
O'Hagan DT, Rappuoli R. Novel approaches to vaccine delivery. Pharm Res 2004;21(9):1519-30.

8.
Burdin N, Guy B, Moingeon P. Immunological foundations to the quest for new vaccine adjuvants. BioDrugs 2004;18(2):79-93.

9.
Pashine A, Valiante NM, Ulmer JB. Targeting the innate immune response with improved vaccine adjuvants. Nature Medicine 2005;11(4 Suppl):S63-8.

10.
Pulendran B, Ahmed R. Translating innate immunity into immunological memory: implications for vaccine development. Cell 2006;124(4):849-63.

11.
Krieg AM. Therapeutic potential of Toll-like receptor 9 activation. Nat Rev Drug Discov 2006;5(6):471-84.

12.
Guy B. The perfect mix: recent progress in adjuvant research. Nat Rev Micro 2007;5(7):505-17.

13.
Kanzler H, Barrat FJ, Hessel EM, Coffman RL. Therapeutic targeting of innate immunity with Toll-like receptor agonists and antagonists. Nat Med 2007;13(5):552-9.

14.
Adjuvants. Expert Review of Vaccines 2007;6(5):651-869.

15.
Janeway CA, Jr., Medzhitov R. Innate immune recognition. Annu Rev Immunol 2002;20:197-216.

16.
Lindblad EB. Aluminium adjuvants--in retrospect and prospect. Vaccine 2004;22(27-28):3658-68.

17.
Garcon N, Chomez P, Van Mechelen M. GlaxoSmithKline Adjuvant Systems in vaccines: concepts, achievements and perspectives. Expert Rev Vaccines 2007;6(5):723-39.

18.
Brewer JM. (How) do aluminium adjuvants work? Immunology letters 2006;102(1):10-5.

19.
Treanor JJ, Campbell JD, Zangwill KM, Rowe T, Wolff M. Safety and Immunogenicity of an Inactivated Subvirion Influenza A (H5N1) Vaccine. N Engl J Med 2006;354(13):1343-51.

20.
Nicholson KG, Colegate AE, Podda A, et al. Safety and antigenicity of non-adjuvanted and MF59-adjuvanted influenza A/Duck/Singapore/97 (H5N3) vaccine: a randomised trial of two potential vaccines against H5N1 influenza. Lancet 2001;357(9272):1937-43.

21.
Stephenson I, Bugarini R, Nicholson KG, et al. Cross-reactivity to highly pathogenic avian influenza H5N1 viruses after vaccination with nonadjuvanted and MF59-adjuvanted influenza A/Duck/Singapore/97 (H5N3) vaccine: a potential priming strategy. J Infect Dis 2005;191(8):1210-5.

22.
Atmar RL, Keitel WA, Patel SM, et al. Safety and immunogenicity of nonadjuvanted and MF59-adjuvanted influenza A/H9N2 vaccine preparations. Clin Infect Dis 2006;43(9):1135-42.

23.
Mbawuike I, Zang Y, Couch RB. Humoral and cell-mediated immune responses of humans to inactivated influenza vaccine with or without QS21 adjuvant. Vaccine 2007;25(17):3263-9.

24.
dela Cruz T, Milley R, Hillebrand A, et al. Conjugation of Immunostimulatory DNA to Conserved Viral Antigens as a Universal Influenza Vaccine. In: Infectious Diseases Society of America 45th Annual Meeting; 2007; San Diego, CA; 2007. p. Presentation 1145.

25.
Frech SA, Kenney RT, Spyr CA, et al. Improved immune responses to influenza vaccination in the elderly using an immunostimulant patch. Vaccine 2005;23(7):946-50.

26.
Sablan B, Kim D, Barzaga N, et al. A Phase 3 Study Comparing Vaccination with Hepatitis B Surface Antigen(HBsAg) Combined with Immunostimulatory Phosphorotioate Oligonucleotide to Conventional Hepatitis B Vaccine in Older Adults. In: Infectious Diseases Society of America 45th Annual Meeting; 2007; San Diego, CA; 2007. p. Presentation 1148.

27.
Bernstein D, Cardin R, Strasser J, Chalk C, Farley N, Fairman J. JuvImmune is a Novel Vaccine Adjuvant that Enhances Protection of Mice from Lethal HSV-2 Infection Following Immunization. In: Infectious Diseases Society of America 45th Annual Meeting; 2007; San Diego, CA; 2007. p. Presentation 1147.

28.
Sesardic D, Dobbelaer R. European union regulatory developments for new vaccine adjuvants and delivery systems. Vaccine 2004;22(19):2452-6.

29.
Guideline on Adjuvants in Vaccines for Human Use. 2005. (Accessed at http://www.emea.europa.eu/pdfs/human/vwp/13471604en.pdf.)

30.
WHO Guidelines on Nonclinical Evaluation of Vaccines. 2003. (Accessed February 2, 2007, at http://www.who.int/biologicals/publications/nonclinical_evaluation_vaccines_nov_2003.pdf.)

31.
Podda A, Del Giudice G. MF59-adjuvanted vaccines: increased immunogenicity with an optimal safety profile. Expert Review of Vaccines 2003;2(2):197-203.

32.
Novartis receives US government contract to further develop a novel antigen technology that could extend vaccine supplies in a pandemic outbreak. 2007. (Accessed January 30, 2007, at http://novartisvaccines.com/press-room/news/20070117.shtml.)

33.
GlaxoSmithKline receives European approval for Fendrix®, an adjuvanted vaccine to prevent infection from hepatitis B for specific high-risk patients. 2005. (Accessed January 30, 2007, at http://www.gsk.com/ControllerServlet?appId=4&pageId=402&newsid=406.)

34.
Focetria®, the Novartis pandemic influenza vaccine, receives European Union approval. 2007. (Accessed October 12, 2007, at http://novartisvaccines.com/press-room/news/20070508_Focetria.shtml.)

35.
GlaxoSmithKline files its new pre-pandemic influenza vaccine in Europe. 2007. (Accessed January 31, 2007, at http://www.gsk.com/ControllerServlet?appId=4&pageId=402&newsid=961.)

36.
Guidance for Industry - Clinical Data Needed to Support the Licensure of Pandemic Influenza Vaccines, May 2007., 2007. (Accessed at http://www.fda.gov/cber/gdlns/panfluvac.pdf.)

37.
Guidance for Industry - Clinical Data Needed to Support the Licensure of Trivalent Inactivated Influenza Vaccines. May 2007., 2007. (Accessed at http://www.fda.gov/cber/gdlns/trifluvac.pdf.)

38.
HHS Funds Advanced Development of H5N1 Influenza Vaccines. 2007. (Accessed January 30, 2007, at http://www.hhs.gov/news/press/2007pres/20070117a.html.)

39.
Treanor J. Weathering the Influenza Vaccine Crisis. N Engl J Med 2004;351(20):2037-40.

40.
La Montagne JR, Fauci AS. Intradermal Influenza Vaccination -- Can Less Be More? N Engl J Med 2004;351(22):2330-2.

41.
Weniger B, Papania M. Alternative Vaccine Delivery Methods In: Plotkin S, Orenstein W, Offit P, eds. Vaccines. 5th ed. Philadelphia: Saunders/Elsevier; 2008 [in press].

42.
Dowdle W, De Gourville E, Kew O, Pallansch M, Wood D. Polio eradication: the OPV paradox. Reviews in Medical Virology 2003;13(5):277-91.

43.
Gotschlich E, Rey M, Triau R, Sparks K, . Quantitative determination of the human immune response to immunization with meningococcal vaccines. J Clin Invest 1972(51):89-96.

44.
Lagos R, Valenzuela MT, Levine OS, et al. Economisation of vaccination against Haemophilus influenzae type b: a randomised trial of immunogenicity of fractional-dose and two-dose regimens. The Lancet 1998;351(9114):1472-6.

45.
Fernandez J, Balter S, Feris J, et al. Randomized trial of the immunogenicity of fractional dose regimens of PRP-T Haemophilus influenzae type b conjugate vaccine. Am J Trop Med Hyg 2000;62(4):485-90.

46.
Belshe RB, Newman FK, Cannon J, et al. Serum antibody responses after intradermal vaccination against influenza. N Engl J Med 2004;351(22):2286-94.

47.
Kenney RT, Frech SA, Muenz LR, Villar CP, Glenn GM. Dose Sparing with Intradermal Injection of Influenza Vaccine. N Engl J Med 2004;351(22):2295-301.

48.
Auewarakul P, Kositanont U, Sornsathapornkul P, Tothong P, Kanyok R, Thongcharoen P. Antibody responses after dose-sparing intradermal influenza vaccination. Vaccine 2007;25(4):659-63.

49.
Patel SM, Atmar RL, El Sahly H, Cate TR, Keitel WA. A Randomized, Open-Label, Phase I Clinical Trial Comparing the Safety, Reactogenicity, and Immunogenicity of Booster Immunization with Inactivated Influenza A/H5N1 Vaccine Administered by the Intradermal (ID) or the Intramuscular (IM) Route Among Healthy Adults. In: 44th Annual Meeting of the Infectious Diseases Society of America; 2006; Toronto, Canada; 2006.

50.
Canter J, Mackey K, Good LS, et al. An outbreak of hepatitis B associated with jet injections in a weight reduction clinic. Arch Intern Med 1990;150(9):1923-7.

51.
CDC. General Recommendations on Immunization: Recommendations of the Advisory Committee on Immunization Practices (ACIP). MMWR Recomm Rep 2006;55(RR-15):1-56.

52.
Laurent PE, Bonnet S, Alchas P, et al. Evaluation of the clinical performance of a new intradermal vaccine administration technique and associated delivery system. Vaccine 2007;25(52):8833-42.

53.
Glenn G, Frech S, Villar C, et al. Transcutaneous Immunization with the Heat Labile Toxin (LT) of Enterotoxigenic Escherichia coli (ETEC) Protects Against Travelers Diarrhea in a Phase 2 Field Trial in Travelers to Guatemala (GU) and Mexico (MX). Proceedings of the 47th Annual Interscience Conference on Antimicrobial Agents and Chemotherapy (ICAAC) 2007:G-1247a.

54.
CDC, FDI, HIRRC, WHO, PAHO, PATH. Needle-Free Jet Injection of Reduced-Dose, Intradermal, Influenza Vaccine in >=6 to <24-Month-Old Children. In: ClinicalTrials.gov at http://clinicaltrials.gov/ct2/show/NCT00386542.

55.
Neuzil KM, Jackson LA, Nelson J, et al. Immunogenicity and reactogenicity of 1 versus 2 doses of trivalent inactivated influenza vaccine in vaccine-naive 5-8-year-old children. J Infect Dis 2006;194(8):1032-9.

56.
Garg S, Hoelscher M, Belser JA, et al. Needle-free skin patch delivery of a vaccine for a potentially pandemic influenza virus provides protection against lethal challenge in mice. Clin Vaccine Immunol 2007;14(7):926-8.

57.
Hoelscher MA, Garg S, Bangari DS, et al. Development of adenoviral-vector-based pandemic influenza vaccine against antigenically distinct human H5N1 strains in mice. Lancet 2006;367(9509):475-81.

58.
Hoelscher MA, Jayashankar L, Garg S, et al. New pre-pandemic influenza vaccines: an egg- and adjuvant-independent human adenoviral vector strategy induces long-lasting protective immune responses in mice. Clin Pharmacol Ther 2007;82(6):665-71.

59.
Hoelscher M, Singh N, Garg S, et al. A broadly-protective pandemic influenza vaccine against clade 1 and clade 2 H5N1 viruses. J Infect Dis 2008;in press.

60.
Stout R, Gutierrez M, Freeland P, et al. Needle-free injections using a spring-powered device for subcutaneous, intramuscular & intradermal injections. Drug Delivery Technology 2007;7(2):40-3.

61.
Gill H, Prausnitz M. Coating Formulations for Microneedles. Pharm Res 2007;24:1369-80.



PAGE  
1

